Abstract This paper demonstrates a multi-source energy harvester that is able to utilize simultaneously both piezoelectric and pyroelectric effects in lead magnesium niobate-lead titanate (PMN-PT) single crystal. The paper presents a study of PMN-PT single crystal with a (67:33) composition grown in our laboratory via a vertical gradient freeze method without any flux. The performance of the piezoelectric and pyroelectric energy harvester using unimorph device structure was evaluated via modeling and experiment. The theoretical study was implemented based on a distributed parameter electromechanical model and the modelling procedure was approximated using finite element analysis to predict the electromechanical behavior of the harvester. The maximum power density at a resonance frequency of 50 Hz and optimum resistance of 2 MX was 16.7 nW/(g 2 cm 3 ) under a 1 g acceleration of vibration. The measured values of electrical output parameters were in good agreement with theoretical and modelling results using MATLAB and COMSOL Multiphysics, respectively. By using the pyroelectric effect along with the piezoelectric effect, the output voltage of the energy harvester was found to be enhanced at the optimum resistance and specific frequency values. It was noticed that the output voltage was increased monotonically with temperature-difference (DT) and reaches up to 180 % of its original value under temperature difference of 1.7°C at a frequency value of 49 Hz.
Introduction
Energy harvesting (power harvesting or energy scavenging) is the process by which electrical energy is derived from ambient sources such as solar, thermal, wind and kinetic energy and this energy is subsequently conditioned and stored for powering ultra-small wireless autonomous devices [1] . Piezoelectric energy harvesting from mechanical external vibrations has received significant attention in the past decade [2] . However, pyroelectric energy harvesting, in which time-dependent temperature fluctuations are converted into electrical energy via the pyroelectric effect, is less widely explored [3] . To enhance or supplement the performance of the energy harvesting device, it is of interest to develop a technology to simultaneously or individually harvest both the mechanical and thermal energies via an integrated device. Fortunately, there are ferroelectric materials such as; lead zirconate titanate (PZT) and lead magnesium niobate-lead titanate (PMN-PT) which, when polarized, exhibit both piezoelectric and pyroelectric properties.
Recently, piezoelectric energy harvesting in Pb(Mg 1/3 Nb 2/3 )O 3 -PbTiO 3 (PMN-PT) single crystal has been successful in producing sufficient power for medical devices and micro-wireless sensor applications [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] [14] . This particular material has been successful for such applications due to the fact that the piezoelectric coefficients, such as d 33 and g 33 the electromechanical coupling coefficients of PMN-PT and dielectric constant is higher than other ferroelectric piezoelectrics, such as PZT [15] [16] [17] [18] . For instance, PMN-33 %PT single crystals, which have a rhombohedral phase near the morphotropic phase boundary (MPB), possess large piezoelectric (d 33 * 2500 pC/N), dielectric (e r * 5000-5500), and electromechanical coupling coefficients (k 33 * 94 %) [19] . Vibration energy harvesting devices using PMN-PT single crystal have been examined due to their simple structure, high power density, and accurate response under mechanical stimulus [20, 21] .
A variety of experiments and analytical models on PMN-PT single crystal materials have been implemented in order to measure and improve their energy harvesting performance. For example, Wang et al., developed a new model to predict the output power of PMN-PT single crystal attached at the clamped end of aluminum beam in both the static and dynamic case using constitutive equations and a single degree of freedom (SDOF) model [22] . The maximum value of the output power was approximately 0.586 mW at a resistive load of 94.7 kX, with a good agreement between the measured and the calculated results. Song et al., investigated the performance of a vibration energy harvester (VEH) employing a single crystal lead magnesium niobate-lead titanate (PMN-PT) material via model and experiment [23] . The maximum dc power generated was 19 mW for an excitation of 0.2 g. Ren et al. [24] measured and analyzed the output voltage and power of a PMN-PT single crystal beam with a tip mass. Their results showed that the maximum voltage and power are 91.23 V and 4.16 mW, respectively at a resonance frequency of 60 Hz and tip mass about 0.5 g under a cyclic force of 0.05 N. In 2011 Moon et al., fabricated and analyzed a piezoelectric energy harvesting device using a Zr-doped PMN-PT piezoelectric single-crystal beam. The device generated a power of 0.3 mW with an optimal resistive load of approximately 50 kX from a 0.1 g acceleration at its resonant frequency of 57 Hz, which was similar to the calculated results [25] . Later, a model of a piezoelectric cantilever with 0.71Pb(Mg 1/3 Nb 2/3 )O 3 -0.29PbTiO 3 single crystal and brass shim was reported using constitutive equations of the d 15 mode and a single degree of freedom. The maximum output power at a resonance frequency 65 Hz was 8 mW at a load resistance of 1 MX and acceleration amplitude of vibration base of 10 m/s 2 with good agreement between the measured and modeling results [26] . Furthermore, Hwang et al. [13] reported an elastic PMN-PT single crystal energy harvester for a self-powered cardiac pacemaker. The authors claimed that the energy-harvesting device generates a short-circuit current of 0.223 mA and an open-circuit voltage of 8.2 V. Recently, Erturk and Inman found the exact electromechanical solution of a cantilevered piezoelectric energy harvester for transverse vibrations with Euler-Bernoulli beam assumptions. The results of the proposed distributed parameter model used to find the frequency response behavior of the electrical outputs and the relative tip motion of the harvester, the frequency response functions (FRFs) which relate the voltage, current, power, and relative tip motion to the base motion were identified [27] . The same authors investigated the power generation and shunt damping performance of the single crystal piezoelectric ceramic lead magnesium niobate-lead zirconate titanate (PMN-PZT) analytically and experimentally. The power generation performance of the device was 138 lW/(g 2 cm 3 ) at 1744 Hz, causing 84 % tip vibration attenuation due to the resistive shunt damping effect [28] .
In the present work, we aim to simultaneously harvest thermal and mechanical energies using a PMN-PT single crystal with a (67:33) composition which was grown via a vertical gradient freeze method without any flux. Here, we focus on the commonly employed 31-mode of harvesting from bending induced by vibrations. The performance of the piezoelectric and pyroelectric energy harvesting device based on PMN-PT single crystal was evaluated and demonstrated via both modeling and experiments thereby proving the concept of improving the performance of our energy harvester via a multifunctional materials system. The dry powders were mixed for a desired period of time using a tumbling mill.
The vertical gradient freeze method without any flux was used to obtain PMN-PT single crystals. The system PMN-PT (67/33) was loaded in a platinum crucible covered with an alumina lid. Due to high volatility of PbO, the crucible was sealed by means of alumina cement. Crystal growth was carried out in a cylindrical furnace equipped with a programmable temperature controller. An optimized thermal profile was used for the growth of PMN-PT crystals by spontaneous nucleation, namely: (i) heating from room temperature to 900°C at a ramp rate of 150°C/h and dwelling for 6 h; (ii) heating at 100°C/h to 1305°C and dwelling for 24 h; (iii) slow cooling from 1305 to 1100°C at 2°C/h, from 1100 to 1000°C at 3°C/h, from 1000 to 800°C at 5°C/h, then from 800°C down to room temperature at 20°C/h. This slow cooling process was applied to obtain a more stable growth. In order to achieve larger sized PMN-PT single crystals, the growth process was repeated three times. After each thermal treatment, a lead loss of approximately 1 wt% was observed by checking the weight difference before and after each growth run. To overcome this problem, 1 wt% of excess PbO was added to the charge to compensate for any lead loss.
The crystal was cut slowly using a Buehler very fine diamond saw (wheel) and using mineral oil. The crystal was then polished using successively fine SiC grit papers and final polish using 0.03 micron alumina powder on a benchtop Buehler polishing machine to offer high removal rates and produce enhanced surface smoothness. Due to high electrical properties of many relaxor-PT ferroelectric crystals with a (001) direction [29] [30] [31] , the grown PMN-PT crystal was cut along the (001) and the direction confirmed using Laue back reflection technique. As shown in Fig. 1 , the room temperature XRD patterns show six obvious diffraction peaks of PMN-PT observed at (100), (110), (111), (200), (210), and (211), indicating that the PMN-PT crystal displays pure perovskite structure [32] . On the other hand, XRD exhibits sharp peaks and shows highly (100) and (200) oriented PMN-PT structure, indicating PMN-PT single crystal cut along the (001) direction.
Dielectric and pyroelectric coefficient measurements
The PMN-PT single crystal was poled under an applied electric field of 5 kV/cm. Both the real and imaginary parts of the dielectric constant (e 0 , e
00
) for a poled sample of a PMN-PT single crystal with dimensions of 8 9 591.2 mm 3 at a frequency values of 100 Hz, 1 kHz, 10 kHz, and 100 kHz were measured as a function of temperature range from 30 to130°C. The sample was heated to approximately 130°C and the temperature dependence of the dielectric data (capacitance and tand) was measured at a rate of 3°C/min. Values of dielectric constant (e 0 ) and dielectric loss (e 00 ) were then calculated for each value of the capacitance. The dielectric constant and dielectric loss e 00 are determined by the following relation:
and
where C p is the parallel capacitance of PMN-PT single crystal at signal frequency of 1 kHz. tand is the loss tangent, A is the electrode area, t p is the thickness of PMN-PT single crystal, e o = 8.85 9 10 -12 F/m is the permittivity of vacuum.
The temperature dependence of the pyroelectric coefficient for a poled sample of a PMN-PT single crystal was also studied. Silver electrodes were printed on both sides of the sample and it then was poled with an applied electric field of 5 kV/cm. The pyroelectric current was measured using a 6517B Keithley electrometer and temperature was measured by an HP34970 digital multimeter. The pyroelectric coefficient p was calculated via the following equation:
where I is the pyroelectric current, A is the area of electrodes and (dT/dt) is the rate of change of temperature. The measurements were automated using LabVIEW 6i software and all the raw data were collected by PC.
3 Analysis and modelling of vibration energy harvester (VEH)
Design and testing of vibration energy harvester
The design of the vibration energy harvesting device investigated was a unimorph beam with a clamped-free end. A PMN-PT single crystal was sandwiched between two conducting silver electrodes and positioned at the root of the clamped-end of the aluminum beam since this is the location of maximum strain. A proof mass was attached at the free end as shown in Fig. 2 . To avoid any interference from the noise in the surrounding environment, all experiments were performed on an isolated optical bench. The PMN-PT single crystal was glued on a flexible cantilever substrate that was mounted on a shaker. When the piezoelectric harvester is subjected to vibrations by the experimental setup it produces an AC electrical output and the output signal from the harvester is connected to a variable resistive load or an AC-DC circuit with a capacitive load.
Analysis procedure
The cantilever beam is one of the most commonly used mechanical structures in piezoelectric energy harvesters, especially for mechanical energy harvesting from vibrations, due to its large mechanical strain performance within piezoelectric material and simple configuration [33] . Under the influence of a periodic force on the clamped-end of the piezoelectric cantilever beam in the vertical direction, the maximum electrical output of the PMN-PT material that can be harvested is at the resonance frequency of the piezoelectric cantilever beam. The steady state solution can be obtained as [28] :
where v is the generated voltage over the thickness of the piezoelectric material; f r is the damping ratio, x r is angular resonance frequency; u r (x)is the mass normalized eigenfunction, v r is the modal electromechanical coupling term; The resonance frequency of the unimorph cantilever beam with tip mass is given as:
where EI, m are the flexural rigidity and equivalent mass, respectively and are given by: The electromechanical coupling factor (k 31 ) is calculated from the frequencies of resonance and antiresonance of impedance as [34] :
where e o e r ð10Þ
where, e 31 ¼ 1=g 31 
Finite element analysis (FEA)
For modelling, the equations of motion of the piezoelectric system have been solved by FEA using COMSOL Multiphysics software, the equations of motion can be written as [35] :
where [C] is the damping matrix, [X] is the piezoelectric coupling matrix, [D] is the dielectric stiffness matrix, u is the vector of nodal electric potential, P is the mechanical force vector and Q is the electrical charge vector. By operating a steady-state analysis, the finite element approach can determine the nodal displacements, potentials gradients, and electrical flux densities. , and the dielectric loss constant e 00 of PMN-PT single crystal measured at frequencies of 100 Hz, 1, 10, and 100 kHz, respectively. The temperature range was between room temperature and 130°C. As expected in ferroelectrics, these parameters initially increase with an increase in temperature up to a transition point (Curie temperature T C ), and then decrease as the temperature further increases. The maximum value of the dielectric constant are 9740, 9220, 8951, and, 8863 at 100 Hz, 1, 10, and 100 kHz, respectively. The maximum value of the dielectric loss are 311, 283, 229, and, 198 at 100 Hz, 1, 10, and 100 kHz, respectively.
The electrical impedance versus frequency measured using a QuadTech 7600 LCR meter is shown in Fig. 4 , which shows the resonance and antiresonance frequencies occur at 82.2 and 84.9 kHz, respectively. The electromechanical coupling factor (k 31 ) and piezoelectric coefficient of PMN-PT single crystal (d 31 ) were measured at 25°C using Eqs. (6, 8) to be 0.28 and -770 pC/N, respectively. The value of piezoelectric voltage constant (g 31 ) was calculated using Eq. (9) to be 18.2 9 10 -3 m 2 /C. Finally, the Young's modulus value of PMN-PT single crystal was calculated using Eq. (10) to be 72 GPa. For hybrid energy harvesting from vibration and temperature gradient, the cantilever beam was excited at desired frequency and thermal gradient was created on the PMN-PT element by using an infrared lamp and the temperature was measured with a non-contact thermometer.
Piezoelectric energy harvesting
In this section, we present the modeling and experimental results of the proposed PMN-PT VEH based on a distributed parameter electromechanical model. It is necessary at this point to calculate the mechanical damping ratio in order to determine the output voltage and power accurately using a distributed parameter electromechanical model. The mechanical damping ratio can be calculated from a comparison of the voltage amplitudes versus time [36] . It has been found from Fig. 5 that the calculated mechanical damping ratio is approximately 0.034. The mechanical and piezoelectric properties of the unimorph cantilever beam are summarized in Table 1 . The highest electrical output amplitude of system is obtained when the ambient vibration frequency matches the natural frequency of VEH device. The base of the VEH device was excited under a resonant frequency with acceleration of 1 g (10 m/s 2 ). The experimentally measured acceleration waveform in the accelerometer sensor and the output AC voltage of the device for this acceleration was determined, as shown in Fig. 6 . It is convenient here to mention that the applied waveform and the acceleration were sine waveform, and the output AC voltage value for the acceleration amplitude of the device was 1.08 V. During the experiment, the applied acceleration on the device was maintained at 1 g by controlling the amplitude of the applied waveform.
The frequency response functions (FRFs) are normalized with respect to the gravitational acceleration (g) for convenient representation, i.e. the voltage and power FRF are divided by the gravitational acceleration, and gravitational acceleration squared, respectively. Figure 7 shows the results of experimental and theoretical voltage output FRF close to the first resonance frequency at different load resistance values. Note that the voltage output increases monotonically with increasing load resistance from 100 X to 10 MX and shows a maximum value at the resonance frequency of the device. Additionally, with increasing load resistance, the resonance frequency of each load resistance moves from the short circuit resonance frequency to the open circuit resonance frequency. As an example, in Fig. 7 the maximum output voltage is obtained at the short circuit resonance frequency of 50 Hz when load resistance is 100 X. However, when a load resistance of 10 MX is used, the resonance frequency of the VEH becomes 57 Hz. It should be noted from Fig. 7a , b that the experimental and theoretical results using Eq. 4 are in good agreement. Figure 8 shows the relative tip displacement FRF measured versus excitation frequency of the cantilever at short and open circuit in the transverse direction using a laser vibrometer by focusing laser beam at the top of tip mass and accelerometer sensor at the top base of VEH. As can be seen from Fig. 8 , the value of resonance frequencies at short and open circuit are 50 and 57 Hz, respectively. The value of relative tip displacement at short circuit resistance shows value of 631 lm/g and decreases to 417 lm/g at open circuit resistance. For a resonance frequency at 50 Hz, the variation in the output voltage and average electrical power with load resistance is presented in Fig. 9 . The maximum power obtained for an optimum resistive load of 2 MX is 5 nW/ g 2 . The overhang volume and the mass of the cantilever are approximately 0.300 cm 3 and 6.03 g, respectively. The maximum power density (power per volume) and the specific power (power per mass) of the device are then 16.7 nW/(g 2 cm 3 ) and 0.829 lW/(g 2 kg), respectively at optimum resistance of 2 MX. It can be seen from Fig. 9 that the experimental and analytical results are in good agreement. The voltage increases with load resistance (R L ) since the VEH acts as a capacitor during vibration and discharges to a lesser extent as the load resistance, and the associated RC time constant, increases. The optimum power is at the condition 2p.f. R L .C p = 1 where C p is capacitance of the PMN-PT single crystal element; for example at 50 Hz the optimum load resistance is 2.28 MX based on a device capacitance of a 1.4 nF which is why the power level with load resistance flattens out at 2 MX in Fig. 9 . Figure 10 shows the maximum voltage FRF and its corresponding power FRF obtained of VEH versus input acceleration. It can be seen from Fig. 10 that the voltage and power FRF increases linearly with the input acceleration and shows minimum voltage and power value of 0.1 V and 0.05 nW, respectively at an input acceleration value of 0.1 g (1 m/s 2 ), where the maximum voltage and power obtained were 1.08 V and 6.02 nW, respectively at input acceleration value of 1 g.
In the final step of this part, the AC output voltage has been converted into DC output voltage then stored in a rechargeable battery using an AC-DC circuit that shown in Fig. 2b . The rechargeable battery used in this study is a CMOS lithium battery and has a nominal operating voltage of 3.0 V. The process has been executed using an excitation frequency of 50 Hz and an optimum resistance of Figure 11 shows the results of the output voltage versus time during charging of the CMOS battery. As can be seen from Fig. 11 , the output voltage is increased to constant value of 2.88 V which is approximately 92 % of full charge of rechargeable battery. The voltage and power FRF of the PMN-PT VEH are also simulated by numerical method using the finite element analysis (FEA) package (COMSOL). The VEH consists of a PMN-PT piezoelectric single crystal positioned at clamped-end with a proof mass mounted on the other end. The PMN-PT piezoelectric single crystal has a ground electrode embedded within it and other electrode on the exterior surfaces of the cantilever beam. The measured mechanical, electrical, and piezoelectric properties of VEH were entered into the system. A COMSOL Multiphysics using FEA shows an accurate solutions of electrical output parameters using coupled dynamic Eqs. (11, 12) . Table 2 shows the resonance frequency, output voltage and output power of VEH of experiment, model, COMSOL results and the percentage error between experiment and numerical data in red line. Figure 15 shows the variation of pyroelectric coefficient with temperature where the coefficient increases as temperature increases, which is typical of ferroelectrics. The Pyroelectric voltage output of the VEH was tested versus temperature under different frequency values. Figure 16 shows the variation of the output voltage with increasing temperature for PMN-PT single crystal at frequency values of 8, 11, 30, 40, and 49 Hz. As can be seen from Fig. 16 , the VEH showed increasing in output voltage with temperature and the maximum value is obtained close from resonance frequency value. However, the maximum increase in voltage was obtained at a resonance frequency of 49 Hz and an optimum resistance of 2 MX a under base excitation of 1 g and reaches up to 180 % of its original value under temperature difference of 1.7°C. The values of piezo-voltage, piezo-pyro voltage, temperature difference, required time, percentage increase in voltage at different frequency are summarized in Table 3 .
Piezoelectric and pyroelectric energy harvesting

Conclusions
This article presents the study of multisource piezoelectric and pyroelectric effect on a PMN-PT with (67:33) composition single crystal grown via a vertical gradient freeze method without any flux. Piezoelectric energy harvesting of PMN-PT single crystal has been tested using a unimorph mechanical cantilever design with tip mass. A theoretical distributed electromechanical parameter model is utilized for predicting the dynamic response of the proposed Vibration Energy Harvester (VEH). The maximum power density at a resonance frequency of 50 Hz and an optimum resistance of 2 MX was 16.7 nW/(g 2 cm 3 ) under a 1 g acceleration of base. The measured values of electrical output parameters showed a good agreement with theoretical and modelling results using a distributed electromechanical parameter model and finite element analysis (FEA), respectively. The present study has also showed the capability of PMN-PT piezoelectric device to recharge a rechargeable battery at the resonance frequency, optimum resistance and under base excitation of 1 g. Finally, the performance of a multisource energy harvester to 
